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’ INTRODUCTION
Biominerals, which are composite organic-inorganic materi-
als, show exceptional properties, since to a large extent they are
the constituents of hard tissues of higher mammals.1 Hydro-
xyapatite [Ca5(PO4)3OH, HAP] crystallites combined with
collagen with a very speciﬁc architecture and orientation yield
strength and durability to bone, and this has inspired the
development of composite materials of this type for bone repair
needs.2,3 The development of calcium phosphate bone cements
has recently been developed with fast rates as they have been
successfully used as ﬁllings and bone reinforcement bio-
materials.4-6 In making biomaterials, the issue of resorbability
in combination withmechanical properties is crucial for decisions
concerning their application in clinical practice. It is mainly
because of the predictions of better resorption of calcium
carbonate, associated with the respective solubility, that cements
containing aragonite, a natural calcium carbonate (CaCO3) from
corals, have drawn the attention of the research community.7,8
Calcium carbonate, abundant in nature, has been suggested as a
potential precursor for biomaterials, and research has been
focused on diﬀerent polymorphs including calcite, aragonite,
and the thermodynamically least stable vaterite.9-11 The com-
patibility between minerals like calcium carbonate and calcium
phosphate is an issue of key importance for understanding the
behavior and properties of implants and for the design of new
materials with desired properties. In the pioneering investigation
of the lattice compatibility of diﬀerent mineral components
identiﬁed in urinary stones, Lonsdale suggested that the presence
of layers in urinary stones consisting of a number of sparingly
soluble salts could be attributed to favorable crystal lattice
matching.12 Favorable epitaxial relationships have been sug-
gested as an important issue on the basis of which selective
overgrowth of one mineral phase on another could be expected,
including calcium carbonate and calcium phosphate phases.13
Despite the fact that HAP is the thermodynamically most stable
calcium phosphate phase, the strong evidence for the existence of
unstable phases like calcium phosphate dihydrate (CaHPO4 3
2H2O, DCPD)
14 and octacalcium phosphate [Ca8H2(PO4)6 3
5H2O, OCP]
15-17 during early stages of bone formation place in
the ﬁrst place the question of the role of these precursor phases.
In the present paper, it was attempted to investigate the kinetics
of heterogeneous nucleation of OCP on calcium carbonate
substrates consisting either of pure calcite or of aragonite mixed
with calcite (ca. 20-80%). The investigation was done at
conditions of constant supersaturation, which enabled the mea-
surements of induction times preceding crystal growth and rates
of crystal growth with high accuracy and reproducibility. At a
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constant driving force, it was also possible to investigate the
kinetic stabilization of the thermodynamically unstable OCP.
’EXPERIMENTAL PROCEDURES
All experiments were carried out at 37.0( 0.1  C in a thermostatted,
double-walled, water-jacketed Pyrex glass reactor, with a total volume of
220 mL, stirred with a Teﬂon-coated stirring bar and a magnetic stirrer.
Stock solutions of calcium and phosphate were prepared from crystalline
chloride dihydrate and potassium dihydrogen phosphate (Merck, re-
agent grade). Sodium chloride was prepared from the respective crystal-
line solids (Merck, reagent grade). For the preparation of the aqueous
solutions, deionized and triply distilled, CO2-free water was used.
Sodium hydroxide solutions were prepared from a concentrated stan-
dard (Merck, Titrisol). All stock solutions of the salts used were ﬁltered
through membrane ﬁlters (0.22 μm Millipore) before the experiments.
Calcium stock solutions were standardized with EDTA titrations and by
atomic absorption spectroscopy (Perkin-Elmer AAnalyst 300). Sodium
hydroxide solutions were standardized against potassium hydrogen
phthalate solutions prepared fresh from the respective crystalline solid
and dried overnight at 105  C. Potassium dihydrogen phosphate stock
solutions were standardized by potentiometric titration with standard
sodium hydroxide solution and by spectrophotometric analysis for total
phosphate.18,19 The supersaturated solutions were prepared in the
thermostatted reactor bymixing equal volumes of potassium dihydrogen
phosphate and calcium chloride solutions prepared from the respective
stock solutions. The working solution was sealed by a perspex lid with
holes accommodating the electrode, a nitrogen inlet, a sampling port,
and titrant solutions delivery ports. The ionic strength was adjusted to
0.15 M by the addition of the appropriate amount of standard sodium
chloride solution. Next, the solution pH was adjusted by the slow
addition of standard sodium hydroxide solution, and a constant ﬂow of
water vapor-saturated nitrogen was maintained over the solution
throughout the precipitation process to avoid atmospheric carbon
dioxide intrusion. The pH was monitored with combination glass/Ag/
AgCl electrode standardized before and after each experiment with NBS
standard buﬀer solutions at pH 6.864 and 7.414.20 The crystal growth
process was initiated by the addition of carefully weighted ((0.1 mg)
quantities of well-characterized CaCO3 seed crystals (aragonite mixed
with calcite and pure calcite). The aragonite-calcite mixture was
obtained by mixing amorphous calcium carbonate and vaterite with an
aqueous medium. The mixture set within 2 h at 37  C in a water vapor-
saturated atmosphere and was then left to complete the hardening
during 2 days at 37  C.8 The ﬁnal composition of the cement showed
that it mainly consisted of aragonite along with some calcite.
Calcite seed crystals were prepared by the slow addition (1 L of
solution over 2 h) of 0.20 M calcium chloride to 0.20 M sodium
carbonate solution at 25  C.21 The crystals were aged for 3 weeks in the
mother liquor at room temperature with magnetic stirring. The speciﬁc
surface area (SSA) of the crystals was determined by a multiple-point
BETmethod (Micromeritics, Gemini III 2375) and was found to be 4.15
and 0.32 m2 g-1 for the mixed calcium carbonate and the calcite crystals,
respectively. Moreover, the crystals used as substrates were characterized
by infrared spectroscopy (Perkin-Elmer 16PC FTIR), powder X-ray
diﬀraction (XRD, Siemens D-5000), and scanning electron microscopy
(SEM, Zeiss, LEO VP-35 FEM equipped with a Bruker AXS micro-
analysis unit).
Past the suspension of the CaCO3 seed crystals in the supersaturated
calcium phosphate solutions, OCP crystal growth started past well-
deﬁned periods of time, which were reproducible for a given super-
saturation ((5%, mean of triplicate experiments). The time lapsed
between the addition of the seed crystals and the ﬁrst addition of the
titrant solutions (caused by proton release in solution due to the crystal
growth of OCP on the seed crystals and needed to maintain solution
supersaturation) was recorded as the induction time, τ. The setup
sensitivity was such that the solution pH drop exceeding 0.005 pH units
triggered the addition of titrant solutions from twomechanically coupled
computer-controlled, electrical burets ﬁtted to a suitable stepper motor.
The solution supersaturation was kept constant by the addition of titrant
solutions consisting of calcium chloride dihydrate, potassium dihydro-
gen phosphate, sodium hydroxide, and sodium chloride with concentra-
tions corresponding to the stoichiometry of OCP, that is, total calcium
(Cat):total phosphate (Pt) = 1.33. Assuming that Cat,s and Pt,s were the
total calcium and total phosphate concentrations in the working
solution, respectively (expressed in mol dm-3 or M units), CNaOH,s
was the ﬁnal alkali concentration added to the supersaturated solutions
for the pH adjustment (in M units), and CNaCl,s was the salt concentra-
tion (in M units) used for the adjustment of ionic strength, the
composition of the titrant solutions was as follows:
titrant 1 :
a: mCat, s þ 2Cat, s
 !
M CaCl2 3 2H2O
b: 2CNaCl, s - 2mCat, s
 !
M NaCl
titrant 2 :
a:
3
4
" #
mCat, s þ 2Pt, s
" #
M KH2PO4
b:
5
4
" #
mCat, s þ 2CNaOH, s
" #
M NaOH
In the experiments of the present work, the value of m = 3 was adopted
from preliminary experiments.
The rates of crystal growth were measured from the proﬁles of the
volumes of titrant solutions added as a function of time. During the
course of the crystallization, samples were withdrawn and ﬁltered
through membrane ﬁlters (Millipore 0.22 μm). The ﬁltrates were
analyzed for calcium by atomic absorption spectrometry and for
phosphate spectrophotometrically (Shimadzu 1601 UV/vis) by the
vanadomolybdate complex formation method,18,19 to conﬁrm the con-
stancy of the solution composition. At the end of each experiment, the
solution was ﬁltered, and the solid was dried at room temperature and
examined by FTIR spectroscopy, XRD, and SEM.
’RESULTS AND DISCUSSION
The driving force for the nucleation and growth of OCP in
aqueous supersaturated solutions on the solid substrates pro-
vided by the seed crystals is the diﬀerence between the chemical
potential of OCP in the supersaturated solution, μs, and at
equilibrium, μ¥, respectively. Assuming that the standard che-
mical potentials of the two states are the same, the (mean) per
mole of ions driving force may be expressed as the respective
change in the Gibbs free energy according to eq 1:
ΔG ¼ -
RT
8
ln
ðRCa2þÞ
4ðRPO43-Þ
3ðRHþÞ
KS0
ð1Þ
where R is the gas constant, T is the absolute temperature, Ri is
the activity of the subscripted ions, andKs
0 is the thermodynamic
solubility product of OCP.
The ratio in the logarithmic term of eq 1 is deﬁned as the
supersaturation ratio Ω:
Ω ¼
ðRCa2þÞ
4ðRPO43-Þ
3ðRHþÞ
KS0
ð2Þ
The relative supersaturation σ is
σ ¼ Ω1=8 - 1 ð3Þ
The activities of the ionic species in solution and the super-
saturation ratio were computed by the MINEQLþ chemical
equilibrium modeling software,22 taking into account all chemi-
cal equilibria, mass balance, and electroneutrality conditions. The
calculations were done by successive approximations for the
ionic strength, I, while activity coeﬃcients were calculated from
the extended form of the Debye-H€uckel equation proposed by
Davies.23 The experimental conditions and the kinetic results
obtained from the experiments at constant supersaturation are
summarized in Table 1.
As may be seen, in all experiments in the present work, the
solutions were also supersaturated with respect to HAP. The
formation of HAP, however, was not observed in the present
work. It should be noted that crystal growth experiments were
extended to lower than those shown in Table 1 supersaturations
(σOCP = 0.67-1.45), but at these conditions, there was no
growth of OCP for time periods exceeding 72 h.
The induction time preceding the onset of OCP crystal
growth on the seed crystals introduced in the respective super-
saturated solutions was inversely proportional to the solution
supersaturation as may be seen in Figure 1, in which the
induction time measured is plotted as a function of the solution
supersaturation (formation curve) with respect to OCP.
For both types of the calcium carbonate seed crystals used to
inoculate the supersaturated solutions, the induction time was
the same for the same supersaturation. The dependence of the
measured induction time on the solution supersaturation in a
logarithmic form is given by24
log τ ¼ log Asp þ
B
ðlog ΩÞ2
" #
ð4Þ
where Asp and B are constants and according to the classical
nucleation theory:
B ¼
βυm
2γs
3
ð2:303kTÞ3
ð5Þ
In eq 5,β is a shape factor taken equal to 32, for a cubic nucleus,υm
is the molecular volume of OCP taken equal to 6.96# 10-28m3,
and γs is the surface energy of the nucleating crystal phase. The ﬁt
of the experimental data gave a satisfactory linear ﬁt according to
eq 4, as may be seen in Figure 2.
From eq 5 and from the slope of the straight line (Figure 2),
a value for the surface energy of the nucleating OCP equal to
Table 1. Initial Experimental Conditions and Kinetic Results: Total Calcium, Cat, Supersaturation (Ω), Relative Supersaturations
(σ), Induction Time (τ), and Crystal Growth Rates (Rg) for the Crystallization of OCP onDiﬀerent Types of CaCO3 Seed Crystals
in Aqueous Solutions at Conditions of Constant Supersaturation at pH 7.40( 0.10, Temperature θ = 37.0( 0.1  C, andCat/Pt = 1.33
Cat (#10
-3 M) ΩOCP σOCP σHAP τ(s) type of seeds Rg (#10
-5 mol min-1 m-2)
1.6 1626 1.52 10.80 1200 aragonite-calcite 1.7
1.6 1626 1.52 10.80 1200 calcite 22.0
2.0 3778 1.80 11.40 600 aragonite-calcite 2.2
2.0 3778 1.80 11.40 600 calcite 29.0
2.2 9212 2.13 13.23 480 aragonite-calcite 2.6
2.2 9212 2.13 13.23 480 calcite 34.0
2.4 18716 2.42 14.81 360 aragonite-calcite 2.9
2.4 18716 2.42 14.81 360 calcite 37.0
Figure 1. Formation curve for crystal growth of OCP on calcium
carbonate seed crystals in aqueous solutions at constant supersaturation,
pH 7.40, 37  C, and 0.15 M NaCl: aragonite-calcite mixture seed
crystals (2) and calcite seed crystals (1).
Figure 2. Plot of the logarithm of induction time for the crystal growth
of OCP on calcium carbonate seed crystals at constant supersaturation
as a function of the inverse of the square of the logarithm of super-
saturation at pH 7.40, 37  C, and 0.15 M NaCl: aragonite-calcite
mixture seed crystals (2) and calcite seed crystals (1).
10 mJ m-2 was calculated. The low value was anticipated from
the fact that it was measured from heterogeneous nucleation
experiments but compares well with respective values obtained
from similar data for the growth of OCP on TCP (17 mJ m-2)25
and on TiO2 particles (14 mJ m
-2).26
Mechanistic information concerning the rate determining step
for crystal growthmay be obtained from plots of the dependence of
the rates of crystal growth of the mineral phase, Rg, as a function of
the relative supersaturation.27 A simple semiempirical power law
equation may be used for the correlation of the crystal growth
measured as a function of the corresponding supersaturation:
Rg ¼ kgσ
n ð6Þ
In eq 6, kg is the apparent crystal growth rate constant, which is a
function of the active growth sites on which crystal growth takes
place and n is the apparent kinetic order.28 In general, the value of n
is indicative of the mechanism of crystal growth. Kinetics plots of
the rates of crystal growth of OCP on the calcium carbonate seed
crystals according to eq 6 are shown in Figure 3. The apparent
kinetic order for the crystal growth of OCP on calcium carbonate
Figure 3. Kinetics of crystal growth of OCP on calcium carbonate seed
crystals at constant supersaturation. Plots of the logarithm of crystal
growth rates as a function of the logarithm of relative supersaturation
with respect to OCP at 37  C, pH 7.40, and 0.15 M NaCl: aragonite-
calcite seed crystals (9) and calcite seed crystals (b).
Figure 4. Eﬀect of the amount of the mixed calcium carbonate seeds on
the growth rate of OCP.
Figure 5. Infrared spectra of (a)OCPgrownon aragonite-calcitemixture
seed crystals, (b)OCPgrownon calcite seed crystals, (c)OCP seed crystals,
(d) calcite seed crystals, and (e) aragonite-calcite mixture seed crystals.
Figure 6. (a) Powder XRD pattern of 1, OCP seed crystals; 2, mixture
aragonite-calcite seed crystals; and 3, calcite seed crystals. (b) 1, OCP
grown on aragonite-calcite mixture seed crystals; and 2, OCP grown on
calcite seed crystals.
seed crystals was found equal to n = 1 ((0.15). This value is in
agreement with literature reports concerning the growth of OCP
on diﬀerent substrates at high supersaturations (σOCP > 0.6).
29,30
The suggestion of the value 1 for the apparent order of growth
was that the growth ofOCPwas controlled by surface diﬀusion of
the growth units. This was corroborated by a series of experi-
ments done at diﬀerent stirring rates (150-400 rpm), which all
yielded the same values for the rates ((5%) at a given super-
saturation. Moreover, the selectivity of the substrates tested to
induce selectively the crystallization of OCP was tested using
diﬀerent amounts of calcium carbonate seed crystals. The results
shown schematically in Figure 4 suggested that the overgrowth
was selectively driven by the substrate crystals and the absence of
secondary nucleation.
The unit cell lattice parameters for crystal faces (100) and
(010) of OCP correspond to a two-dimensional net of 19.26 Å
20.64 Å (89.3 ) and 19.87 Å 20.64 Å (92.2 ), respectively. For
calcite, the respective lattice area was for the (10-10) face 14.97 Å
34.12 Å (90.0 ) and for the (001) aragonite face 14.88 Å 32.88 Å
(90.0 ).12 Provided that the lattice misﬁt may be calculated by
comparison of diﬀerent lattice cell constants including their
integer multiples, a lattice misﬁt better than 12% was calcu-
lated for all three minerals.13 Lattice misﬁt values lower than 14%
are considered as favorable for the development of monolayer of
the overgrowth on the substrate, in a way as to achieve the same
lattice spacing.31 Typical infrared spectra of the solid obtained
following crystallization of OCP on the introduced calcium
carbonate seed crystals at conditions of constant supersaturation
Figure 7. Morphology of calcium carbonate seed crystals: (a) mixture of aragonite-calcite and (b) calcite.
Figure 8. Scanning electron micrographs of (a and b) OCP grown on aragonite-calcite mixture seed crystals and (c and d) OCP grown on calcite seed
crystals at constant supersaturation (the insert is a zoom of the overgrownOCP crystals; bar is 200 nm); pH 7.40, 37  C, 0.15MNaCl, σOCP = 1.80, and
σHAP = 11.40.
and the spectra of both types of calcium carbonate seed crystals
are shown in Figure 5.
The bands at 560, 600, 864, 916, and 961 cm-1 indicated on
the spectra are characteristic for OCP. Typical absorption bands
of aragonite and calcite were also observed at 700, 856, and
1080 cm-1 and at 713, 876, and 1420 cm-1, respectively. OCP
formation on the calcium carbonate substrates is unambiguously
shown in the XRD pattern of the solids following nucleation and
crystal growth, shown in Figure 6a,b.
As may be seen in Figure 6, the characteristic 010 reﬂection of
the OCP overgrowth (4.73 in 2θ) is clearly shown.Moreover, the
aragonite-calcite (221), (104) reﬂections and the calcite (104) are
shown in Figure 6a,b, respectively. The XRD patterns obtained
from the solids corroborate the FTIR spectroscopy ﬁndings. The
morphology of the two types of CaCO3 seed crystals is shown in
the scanning electron micrographs presented in Figure 7.
The crystallization of OCP on calcium carbonate substrates in
aqueous supersaturated solutions resulted in the formation of leaf/
roselikeOCP crystallites coexistingwith the seed crystals, asmay be
seen in the scanning electron micrographs shown in Figure 8.
It is interesting to note that despite the fact the experiments
lasted for relatively long time periods, there was no evidence for
hydrolysis to HAP, suggesting stabilization of the unstable OCP
by the carbonate substrate. The lack of growth of HAP in
solutions either supersaturated only with respect to this phase
or slightly supersaturated with respect to OCP may perhaps be
due to the inhibition of crystal growth of this phase by the
carbonate present in solution in equilibrium with the calcium
carbonate substrates.32A similar process for marine environment
where the formation of HAP from supersaturated solutions is
inhibited; yet, OCP growth takes place has also been reported.33
’CONCLUSIONS
Kinetics measurements for the crystal growth of calcium
phosphates on calcium carbonate precipitates (mixed calcite
and aragonite and calcite) showed that HAP does not grow
directly on the foreign substrates. OCP, however, did grow past a
supersaturation threshold, directly on the calcium carbonate
substrates. The growth of OCP took place past the lapse of
induction times inversely proportional to the solution super-
saturation with respect to OCP, while the rates of crystal growth
showed a linear dependence on the solution supersaturation. The
favorable lattice matching and the independence of the rates
(expressed per unit surface area) on the amount of the inoculat-
ing seed crystals suggested that the substrates were selective for
the overgrowth of OCP. The mechanism of crystal growth of
OCP was a surface diﬀusion-controlled process, suggesting
sensitivity to surface modiﬁcations.
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